Introduction
============

Lignocellulosic biomass has been recognized as a promising resource for the production of bioethanol due to it\'s abundance, low cost and non-competitiveness with foodstuffs. Cellulose, hemicellulose and lignin are major components of the lignocellulosic biomass. Cellulose (linear polymer of several hundred to more than ten thousand β (1,4) linked D-glucose units) binds tightly with lignin and hemicellulose. For efficient hydrolysis of cellulose, lignin component must be separated in order to make cellulose more accessible to the enzymes (Selvi et al., 2009\[[@R30]\]). The enzymatic hydrolysis of cellulose (saccharification) is affected by several factors, *viz*., degree of polymerization, degree of crystallinity, structural composition and availability of surface area etc (Qi et al., 2009\[[@R28]\]). Therefore, pretreatment is one of the key strategies for enhanced enzymatic saccharification of lignocellulosics. Monomeric sugars released after enzymatic saccharification of the free cellulose, can be converted into bioethanol.

Improvements in pretreatment (delignification) and saccharification processes are important for cost effective bioethanol production. For improved saccharification, a number of different lignocellulosic pretreatment strategies have been reported (Akin et al., 1995\[[@R1]\]; Li et al., 2009\[[@R21]\]; Taherzadeh and Karimi, 2008\[[@R35]\]; Wei et al., 2010\[[@R39]\]). Biological pretreatment methods have not been developed as intensively as physical and chemical methods, due to its slow rate of reaction.

Biological pretreatment offers major advantages over conventional processes (chemical and physical processes), which includes greater yields, minimal byproduct formation, absence of substrate loss due to chemical modifications, low energy requirement, mild operating conditions and low chemical disposal cost (Lu et al., 2010\[[@R23]\]; O\'Dwyer et al., 2007\[[@R27]\]). Biological pretreatment can be broadly classified as whole cell mediated and enzyme mediated pretreatment. Enzymatic pretreatment is more promising method over whole cell mediated pretreatment due to its faster rate of reaction, high efficiency and specificity (Vivekanand et al., 2008\[[@R38]\]).

Laccase plays a significant role in enzymatic pretreatment of lignocellulosics (Lu et al., 2010\[[@R23]\]), whereas, cellulase is an important enzyme for enzymatic saccharification of lignocellulosics (Bisaria and Ghosh, 1981\[[@R4]\]).

*Lantana camara* is an important non edible lignocellulosic biomass, which grows widely throughout India. It is non edible due to its high toxin content (lantanedene A, B and triterpene acid) and has been found to be toxic to animals, too (Sharma et al., 1981\[[@R32]\]; Wolfson and Solomons, 1964\[[@R40]\]). But several important characteristics of *Lantana camara* such as easy availability, high cellulose content and no competition with the food chain makes it an ideal substrate for bioethanol production (Hahn-Hägerdal et al., 2006\[[@R12]\]; Hiremath and Bharath, 2005\[[@R13]\]).

The study aimed at optimizing the conditions of enzymatic pretreatment as well as saccharification processes using *Lantana camara*as substrate. In this work, enzymatic pretreatment was carried out by using laccase, produced from newly isolated *Pleurotus*sp. Saccharification of the enzyme pretreated substrate was carried out by using cellulase and xylanase, produced from *Trichoderma reesei*Rut C30. Response surface methodology (RSM) based on central composite design (CCD) was used for optimization of enzymatic pretreatment and saccharification processes. Fermentation was carried out using saccharified samples of *Lantana camara*. FTIR, XRD and SEM were used as analytical tools for qualitative determination of the structural changes in *Lantana camara* after enzymatic pretreatment.

Material and Methods
====================

Substrate
---------

*Lantana camara* was collected locally from IIT Kharagpur, India. It was air dried overnight at 60 °C, followed by milling to approximately 0.2 mm particle size and stored under dry conditions before use. *Lantana camara* used in this study contained 8.23 % moisture, 1.20 % ash and 76.25 % volatile solid.

Enzymes
-------

Laccase was produced from *Pleurotus* sp. (Bhattacharya et al., 2011\[[@R3]\]; Bhattacharya and Banerjee, 2008\[[@R2]\]). Cellulase was produced from *Trichoderma reesei* Rut C30 (Das et al., 2008\[[@R5]\]). Laccase and cellulase were centrifuged at 5,000 rpm for 5 minutes. The clear filtrate of laccase was used as crude laccase whose activity was determined spectrophotometrically (Bhattacharya and Banerjee, 2008\[[@R2]\]). One international unit/gram of dry substrate (IU/gds) of laccase activity was defined as the amount of enzyme capable of oxidizing 1 μmol of ABTS in 1 min per gram of dry substrate. Clear supernatant of cellulase (pH 5) was used as crude cellulase whose activity was determined by following assay protocols (Jeffries et al., 1998\[[@R15]\]; Zhang et al., 2007\[[@R43]\]). The activity of endoglucanase, β-glucosidase, exoglucanase and xylanase were 16.34 IU/mL, 12.80 IU/mL, 0.78 IU/mL and 479.33 IU/mL, respectively.

Enzymatic pretreatment and saccharification
-------------------------------------------

Enzymatic pretreatment of *Lantana camara* was performed in Erlenmeyer flask, containing 10 g of substrate, 0.1 mol/L of phosphate buffer (pH 6.5 to 7.5) and required volume of laccase. Samples were withdrawn periodically and the solid residues were used for lignin estimation. After delignification the solid residues were washed with distilled water. Then it was air dried overnight at 60 °C and subsequently used for further studies.

Pretreated sample of *Lantana camara* (10 g) was taken in Erlenmeyer flask (250 mL), containing required volume of cellulase enzyme. Sample aliquots were taken periodically and centrifuged at 2,000 rpm for 5 minutes. The supernatant was analyzed for reducing sugar by following dinitrosalicylic acid method (Miller, 1959\[[@R25]\]). The extent of hydrolysis was calculated as follows:

Saccharification (%) = 100 x \[Reducing sugar concentration obtained/Potential sugar concentration in the pretreated substrate\].

Experimental design for enzymatic pretreatment and saccharification
-------------------------------------------------------------------

A three level RSM based CCD was employed for optimization of pretreatment and saccharification of*Lantana camara*. For pretreatment of*Lantana camara*, five parameters were selected in the range pH (6.5- 7.5), temperature (35-45 °C), liquid:solid ratio (2-6 mL/g), incubation time (4-8 h) and enzyme concentration (400-600 IU/gds). For saccharification of pretreated *Lantana camara*, three parameters were selected in the range of substrate concentration (10-20 w/v), temperature (45-55 °C) and incubation time (7-9 h). All the pretreatment and saccharification experiments were carried out in triplicates. In coded terms the lowest, central and the highest level of five variables were -1, 0 and +1, respectively. Pretreatment and saccharification results are shown in Table 1[(Tab. 1)](#T1){ref-type="fig"} and 2[(Tab. 2)](#T2){ref-type="fig"}.

Bioethanol fermentation
-----------------------

Suspension culture of *S. cerevisiae*(24 h) was inoculated into 25 mL fermentation medium (in 100 mL Erlenmeyer flasks) containing saccharified solution of *Lantana camara* from the previous step. Yeast extract (2 g/L) was added as an additive to the culture medium for enhanced growth. The fermentation was carried out at 37 °C under shaking condition for 48 h. Ethanol was estimated by gas chromatography (GC) using HP-5 capillary column equipped with Agilent 6890 Series injector.

Analytical methods - Biochemical composition analysis
-----------------------------------------------------

Cellulose, lignin and hemicellulose content of untreated and pretreated samples of *Lantana camara* were analyzed using some biochemical protocols (Hussain et al., 2002\[[@R14]\]; Marlett and Lee, 2006\[[@R24]\]; Viles and Silverman, 1949\[[@R37]\]). The monosaccharide content in the saccharified samples of pretreated *Lantana camara*was quantified using a HPLC system. It consisted of an isocratic elution mobile phase of acetonitrile-water (75:25, v/v), degassed before use. The flow-rate of the eluent was 1.8 mL/min at 25 °C column temperature. The injected volume was 20 μL. Sugar standards were used for quantification of different sugars (glucose, xylose, mannose, galactose, arabinose etc) in the sample.

FTIR, XRD and SEM study of Lantana camara
-----------------------------------------

FTIR analysis was performed in both the untreated and pretreated samples. All solid samples were air dried and then pressed into a disc of potassium bromide (KBr). Sample spectra were obtained over the range of 400 cm^−1^ and 4000 cm^−1^ with a spectral resolution of 0.5 cm^−1^.

The overall crystallinity of untreated and pretreated sample were determined by XRD1710 equipment using CoKα radiation (α = 1.79 Å) at 40 kV and 20 mA. Samples were scanned and intensity recorded at 2θ range from 15° to 75° with scanning speed of 3^o^/min. Crystallinity (%) was defined as \[(I~002~- I~am~)/I~002~\]×100, where I~002~ represent maximum crystalline intensity peak at 2θ between 22° and 23° for cellulose I, and I~am~ represent minimum crystalline intensity peak at 2θ between 18° and 19° for cellulose I (Segal et al., 1959\[[@R29]\]).

SEM image was taken for both untreated and pretreated sample of *Lantana camara*. For SEM, dried sample were coated with gold and observed under JEOL JSM 5800 SEM (Jeol Ltd, Tokyo, Japan).

Results and Discussion
======================

Statistical analysis
--------------------

The mathematical expression of relationship of enzymatic pretreatment (% lignin degradation) is given in equation 1, where the variables A~1~, A~2~, A~3~, A~4~ and A~5~ represent pH, temperature, liquid:solid ratio, enzyme concentration and incubation time, respectively, which are given below in terms of coded factor:

Y~1~= + 158.30 - 280.90A~1~+ 45.45A~2~ + 21.09A~3~ + 0.05A~4~ + 0.34A~5~ + 15.90A~1~^2^ - 0.75A~2~^2^- 2.27A~3~^2^ + 1.55A~5~^2^ + 1.56A~1~A~2~ - 1.18A~1~A~3~ + 0.02A~1~A~4~- 3.25A~1~A~5~ + 0.01A~2~A~3~ + 0.09A~2~A~5~ + 0.03A~3~A~4~ - 1.42A~3~A~5~ + 0.01A~4~A~5~(1)

whereas, equation 2 represents the relationship of reducing sugar production (mg/mL) of pretreated *Lantana camara*, where the variables B~1~, B~2~, B~3~represent substrate concentration, temperature and incubation time, respectively, which are also given in coded terms:

Y~2~= + 99.23 + 7.82B~1~ + 11.69B~2~ + 4.84B~3~- 13.73B~1~^2^ - 18.73B~2~^2^ + 2.99B~3~^2^+ 5.50B~1~B~2~ - 3.43B~1~B~3~ - 5.25B~2~B~3~(2)

Analysis of Variance (ANOVA) of the quadratic regression for enzymatic pretreatment and saccharification of *Lantana camara* have been summarized in Table 3[(Tab. 3)](#T3){ref-type="fig"}.

The regression model for *Lantana camara*pretreatment demonstrated a high F-value (54.72) and a very low probability value (\< 0.001). In saccharification of pretreated *Lantana camara*, the F value was 390.25 and probability value was \< 0.001. The quadratic regression models for pretreatment and saccharification of *Lantana camara* were thus significant due to high F and low P values (Liu et al., 2010\[[@R22]\]). For pretreatment of *Lantana camara* and saccharification of pretreated *Lantana camara* the R^2^ values obtained were closer to 1 (0.9792 and 0.9951, respectively) and hence justify the robustness of the model. From regression equation 1, it can be shown that A~2,~A~3~, A~1~^2^, A~5~^2^were significant model terms on the enzymatic pretreatment of *Lantana camara*. On the other hand B~1~, B~2~and B~3~^2^ were significant model terms for enzymatic saccharification of pretreated *Lantana camara* (equation 2). This result was similar to other reports (Garg and Doelle, 2004\[[@R8]\]; Ghosh and Ray, 2010\[[@R9]\]; Krishna and Chowdary, 2009\[[@R17]\]).

Figure 1[(Fig. 1)](#F1){ref-type="fig"} shows the function of (a) temperature and liquid: solid ratio and (b) temperature and incubation time on pretreatment of *Lantana camara*. The three dimensional plots show that increase in temperature and liquid:solid ratio caused an increase in the lignin degradation (%) with optimum temperature and liquid:solid ratio of 37 °C and 2 (mL/g), respectively, yielded a maximum lignin degradation of 88.79 % after 8 h of incubation. No significant lignin degradation was observed after 8 h.

Figure 2[(Fig. 2)](#F2){ref-type="fig"} shows the interaction between (a) substrate concentration (w/v) and temperature (^o^C) and (b) incubation time (h) and temperature (^o^C) on reducing sugar production from pretreated *Lantana camara*. Reducing sugar production was increased with an increase in substrate concentration and temperature up to 15 % and 50 °C, respectively, while, by increasing incubation time, a reducing sugar production was enhanced up to 9 h. The report on enzymatic saccharification of pretreated (steam exploded) sunflower stalk was at 50 °C and 72 h (Sharma et al., 2002\[[@R32]\]).

Validation of enzymatic pretreatment and saccharification
---------------------------------------------------------

Optimal predicted conditions for delignification of *Lantana camara*were pH 6.5, 37 °C, liquid:solid ratio 2 (mL/g), enzyme concentration 402 IU/gds and incubation time 8 h. Under these conditions, the maximum predicted delignification was 88.41 %. To confirm the predicted response, experiments (in triplicates) were conducted under optimum theoretical conditions. In these experiments maximum delignification was found to be 88.79 % which was close to the predicted response. Similar result was observed by dilute acid pretreatment of *Lantana camara* (Kuhad et al., 2010\[[@R18]\]). In another report, 2,4-dichlorophenol (2,4-DCP) degradation by using laccase resulted 98 % degradation after 9 h of incubation at pH 6 and temperature of 40 °C (Bhattacharya and Banerjee, 2008\[[@R2]\]).

For saccharification of the pretreated *Lantana camara* the predicted optimum conditions were substrate concentration 15 % (w/v), 50 °C and 9 h of incubation time. Under these conditions the model predicted maximum reducing sugar production to be 106.50 mg/mL. Under these conditions experimental maximum reducing sugar production was 107.00 mg/mL, which was very close to the predicted response. So, maximum reducing sugar yield was 713.33 mg/g dry substrate after 9 h of incubation with saccharification rate of 79.26 mg/g/h. Table 2[(Tab. 2)](#T2){ref-type="fig"} shows monosaccharide content (glucose, xylose, mannose, maltose and arbinose) in the saccharified samples of pretreated *Lantana camara*. Glucose, xylose, mannose, maltose and arabinose content in the optimized saccharified samples were 53.01 mg/mL, 29.57 mg/mL, 13.28 mg/mL, 8.56 mg/mL and 1.01 mg/mL, respectively.

The faster and higher reducing sugar yield due to enzymatic treatment enhanced the adsorption of cellulases to the cellulose (Yu et al., 2007\[[@R42]\]). Enzymatic saccharification efficiency (83.64 %) obtained was in agreement with other reports (Gupta et al., 2009\[[@R11]\]; Kuhad et al., 2010\[[@R18]\]; Yu et al., 2007\[[@R42]\]).

Similar reducing sugar yield was obtained after 28 h of saccharification of dilute acid pretreated *Lantana camara* (Kuhad et al., 2010\[[@R18]\]). With the chemical pretreatment method, the rate of saccharification was decreased because of the accumulation of several inhibitory compounds (Krishna and Chowdary, 2009\[[@R17]\]; Yang et al., 2009\[[@R41]\]). The report on the saccharification of pretreated *Lantana camara* resulted in the reducing sugar yield of 389.1 mg/g dry substrate in 48 h (Gupta et al., 2010\[[@R10]\]). Higher reducing sugar yield in short incubation time is required for improved process economics of bioethanol production (Taherzadh and Karimi, 2007\[[@R34]\]). There are several reports on saccharification using commercial cellulase and also reported that addition of additives (Tween 80) had increased the saccharification efficiency by 80 % and 80.04 %, respectively (Kuhad et al., 2010\[[@R18]\]; Qi et al., 2009\[[@R28]\]). In the present study, pretreatment was performed with crude laccase and saccharification was performed with crude cellulase without addition of any additives.

Fermentation of saccharified Lantana camara
-------------------------------------------

After 48 h of incubation, optimum bioethanol production was 9.63 g/L. The yeast strain produced small amount of acetic acid and succinic acid as byproducts along with the ethanol. Similar bioethanol production was reported for dilute acid pretreated rice straw (Karimi et al., 2006\[[@R16]\]).

Biochemical composition analysis of Lantana camara
--------------------------------------------------

Table 4[(Tab. 4)](#T4){ref-type="fig"} summarizes major biochemical components of untreated and pretreated samples of *Lantana camara*. From the results, it can be predicted that after pretreatment of *Lantana camara*, cellulose content was increased whereas, hemicellulose and lignin content was decreased significantly as reported by others (Kumar et al., 2009\[[@R20]\]\[[@R19]\]; Mussatto et al., 2008\[[@R26]\]). For untreated samples cellulose content was higher but hemicellulose and lignin content was close to the values reported by other author (Vats et al., 1994\[[@R36]\]). The variation might be due to the influence of environmental factors such as temperature, water availability, humidity and soil conditions etc.

FTIR, XRD and SEM study of Lantana camara
-----------------------------------------

FTIR spectral profile of untreated and pretreated samples of *Lantana camara*have been shown in Figure 3[(Fig. 3)](#F3){ref-type="fig"}. It can be observed that bands at 3394 cm^−1^ (O-H stretching in hydroxyl group), 2924 cm^−1^ (C-H stretching), 1648 cm^−1^ (conjugated C=O stretch), 1257 cm^−1^ (C-O stretching or OH deformation) and 1025 cm^-1^ (structural and non-structural carbohydrate band) (El-Hendawy, 2006\[[@R7]\]; Qi et al., 2009\[[@R28]\]; Simkovic et al., 2008\[[@R33]\]; Yu et al., 2007\[[@R42]\]; Zhao et al., 2008\[[@R44]\]) were decreased after enzymatic pretreatment compared to untreated sample of *Lantana camara*. These results highlight the efficacy of enzymatic pretreatment for efficient saccharification of *Lantana camara*.

Crystallinity of cellulose is one of the main factors influencing enzymatic hydrolysis (Kumar et al., 2009\[[@R20]\]\[[@R19]\]). The texture of untreated and pretreated samples of *Lantana camara* was investigated by XRD, and has been shown in Figure 4[(Fig. 4)](#F4){ref-type="fig"}. The cellulose crystallinity value of untreated sample of *Lantana camara* was 19.57 % while that of pretreated sample was 25.21 %. For lignocellulosic biomass, crystallinity measures the relative amount of crystalline cellulose in the total solid. The crystallinity of the pretreated sample was increased due to removal of lignin and hemicellulose (both of which are amorphous). This result was consistent with another report (Dwivedi et al., 2010\[[@R6]\]).

Figure 5 (a) and (b)[(Fig. 5)](#F5){ref-type="fig"} shows SEM images of untreated and pretreated sample of *Lantana camara*, respectively. The untreated sample revealed ordered and compact structure. After enzymatic pretreatment these ordered structures were destroyed and accessible area for cellulase was increased. This result was due to removal of lignin and hemicellulose (Zhao et al., 2008\[[@R44]\]).

Conclusion
==========

A maximum enzymatic delignification of 88.79 % was achieved after 8 h of incubation. Maximum reducing sugar yield from enzyme pretreated *Lantana camara* (83.64 %) was attained after 9 h of incubation at 50 °C. Saccharification of enzyme pretreated sample resulted in higher reducing sugar yield (713.33 mg/g dry substrate) in a very short incubation time not reported so far. The results obtained in the present investigation are indicative of improved conversion efficiency for prospective production of bioethanol. FTIR, XRD and SEM study also revealed the effectiveness of enzymatic pretreatment for efficient saccharification and fermentation of *Lantana camara*.
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